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ABSTRACT
While Rho-signalling controlling vascular contraction is a canonical mechanism, with the modern 
approaches used in research, we are advancing our understanding and details into this pathway 
are often uncovered. RhoA-mediated Rho-kinase is the major regulator of vascular smooth muscle 
cells and a key player manoeuvring other functions in these cells. The discovery of new interac
tions, such as oxidative stress and hydrogen sulphide with Rho signalling are emerging addition 
not only in the physiology of the smooth muscle, but especially in the pathophysiology of 
vascular diseases. Likewise, the interplay between ageing and Rho-kinase in the vasculature has 
been recently considered. Importantly, in smooth muscle contraction, this pathway may also be 
affected by sex hormones, and consequently, sex-differences. This review provides an overview of 
Rho signalling mediating vascular contraction and focuses on recent topics discussed in the 
literature affecting this pathway such as ageing, sex differences and oxidative stress.
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Introduction

Smooth muscle cells (SMCs) are essential components of 
the visceral organs and the walls of blood vessels. These 
cells not only keep the tonus but also drive active altera
tions in the volume and size of hollow organs, except for 
the heart, which has a unique type of striated muscle. 
SMCs are a highly specialized type of cell with contraction 
as their main function. To achieve their primary purpose, 
SMCs have developed mechanisms that allow for 
mechanical coupling. These mechanisms involve many 
different proteins and free calcium (Ca2+), a key determi
nant of many physiological functions. Smooth muscle 
contraction is triggered, and to a lesser extent sustained, 
by an increase in the concentration of intracellular free 
Ca2+. Accordingly, in SMCs, many signalling pathways 
stimulate the interaction between Ca2+ and calmodulin 
(Cam), an intermediate calcium-binding messenger pro
tein, which in turn, leads to the phosphorylation of myo
sin light chain (MLC) by activation of the enzyme MLC 
kinase (MLCK), ultimately resulting in contraction. 
Additionally, alterations in Ca2+ sensitivity, 
a phenomenon leading to a higher force of contraction 
at an equal concentration of intracellular Ca2+ [1], regu
lates this mechanical coupling process. It is widely 
accepted that Ca2+ sensitization arises via one specific 

monomeric G protein from the Rho family and that this 
pathway actively enables smooth muscle contraction.

Rho proteins are part of the larger Ras (Rat sarcoma 
virus) superfamily of guanosine triphosphate hydrolase 
enzyme (GTPase), which includes more than 100 mem
bers, all considered crucial regulators of many physio
logical mechanisms that affect cell behaviour (for 
review, see [2]). These GTPases cycles between two 
modes, an active (GTP) and an inactive (GDP) state. 
Their activation process is catalysed by guanine- 
nucleotide exchange factors (GEFs). Among the Rho 
proteins, the small monomeric GTPase, RhoA (RAS 
homolog family, member A), is a well-recognized reg
ulator of many aspects related to cellular process, 
including changes in the actin cytoskeleton, and conse
quently, smooth muscle tone regulation. Of note, there 
are many GTPases involved in smooth muscle func
tions, but this review focus on RhoA-mediated influ
ence on vascular smooth muscle contraction. RhoA in 
association with its effector, Rho-kinase, is a chief 
orchestrator of vascular contraction by Ca2+ sensitiza
tion. While Rho-kinase has two isoforms known as 
ROCK1 (ROKβ) and ROCK2 (ROKα), we only refer 
to the nomenclature ROCK in this review when speci
fying its subtype. Currently, substantial knowledge 
about the function of RhoA/Rho-kinase in the 

CONTACT Kenia Pedrosa Nunes keniapedrosa@gmail.com Florida Institute of Technology, Department of Biomedical and Chemical Engineering 
and Sciences, Melbourne, FL, 32901, USA

SMALL GTPASES                                                                                                                                          
2021, VOL. 12, NOS. 5–6, 458–469 
https://doi.org/10.1080/21541248.2020.1822721

© 2020 Informa UK Limited, trading as Taylor & Francis Group

http://orcid.org/0000-0002-4838-7617
https://crossmark.crossref.org/dialog/?doi=10.1080/21541248.2020.1822721&domain=pdf&date_stamp=2021-11-06


regulation of vascular smooth muscle is available. 
However, it is still insufficient, especially with regards 
to changes in this pathway that are driven by the 
process of ageing or by sex-difference. Likewise, the 
interplay between Rho-signalling and oxidative stress 
in the smooth muscle contraction is still poorly under
stood, and it is notably highlighted in serious vascular 
diseases. Here, we provide an overview of the physio
logical mechanism by which Rho signalling critically 
regulates vascular contraction, emphasizing the cross
talk between this pathway and three new important 
variables currently discussed in the literature, oxidative 
stress, ageing, and sex.

Vascular smooth muscle contraction

Smooth muscle shares anatomical characteristics with 
skeletal and cardiac muscles, such as the contractile 
proteins actin and myosin. However, they differ in 
many physiological processes leading to contraction. 
Specifically, SMCs, longitudinally or circularly arranged 
in layers, constitute the tubes and walls of many organs 
within the body. The primary function of this type of 
muscular tissue is force generation. These cells use 
cross-bridge cycling between actin and myosin, and 
a change in myosin, the thick filament, initiates this 
process. The contractile response happens by the slid
ing of actin over myosin filaments, shortening the 
SMC. Moreover, SMCs express many other proteins 
that participate in the contractile process, which are 
affected not only by hormones but also by local chemi
cal signals.

Overall, contraction in vessels lead to the generation 
of a Ca2+ -dependent biphasic curve, which is charac
terized by a fast- phasic- and a slow- tonic- component 
[3]. The former is mediated by Ca2+ efflux from the 
sarcoplasmic reticulum, and the latter is sustained by 
Ca2+ influx from the extracellular milieu [4,5]. Briefly, 
this ion triggers the underlying signalling pathways 
foremost smooth muscle contraction. The process is 
initiated to a more significant extent by agonists that 
can induce contraction without membrane depolariza
tion. This well-known contractile mechanism includes 
a G protein-coupled receptor that is activated when 
bound by hormones or neurotransmitters. Following 
this process, that is primarily the conversion of phos
phatidylinositol 4,5-bisphosphate (PIP2) into inositol 
trisphosphate (IP3), diacylglycerol (DAG) and IP3 
together help promote the release of Ca2+ from the 
sarcoplasmic reticulum and further elevates intracellu
lar Ca2+ levels. Ca2+ entering through membranes is 
a key mechanism to many crucial physiological pro
cesses. In the SMC, the high influx of Ca2+ into the 

cytosol binds and activates Cam, a Ca2+ binding protein 
that plays a central role in this event. When bound to 
Ca2+, this protein mediates contraction by activating 
the actin bound myofilament enzyme, MLCK, which 
must phosphorylate the 20-kDa MLC of myosin within 
sarcomeres, allowing the interaction between myosin 
and actin (Figure 1). Conversely, the phosphorylated 
MLC can be dephosphorylated by the enzyme MLC 
phosphatase (MLCP), ultimately resulting in a reversal 
of contraction [1,6].

Not only fluctuation in cytosolic calcium affects 
different pathways, including Rho-signalling, but those 
pathways can also influence Ca2+ handling. To date, it 
is undeniable that the cytosolic levels of Ca2+, as well as 
how the contractile muscle proteins sense transient 
changes in the levels of this ion, a process known as 
calcium sensitization [1], regulate smooth muscle con
traction. Calcium sensitization maintains force genera
tion in the vessels following dissipation of the initial 
Ca2+ signal. Rho signalling, a family of small GPTases 
predominantly located at the plasma membrane [7], are 
very important in this process.

RhoA, RhoB, and RhoC encompass the Rho sub
family within the Rho GTPase family and are all 
expressed in vascular smooth muscle cells. Although 
they are closely related, RhoA is widely accepted as 
necessary for smooth muscle contraction, especially in 
blood vessels, and also it is the most studied in the 
vasculature. Considering the vasculature, where the 
smooth muscle is present in circumferential layers, 
these cells are essential because when contracted, the 
diameter of the vessel decreases, which plays an impor
tant role in blood flow regulation, and therefore, blood 
pressure. Additionally, the force generated by the 
smooth muscle mechanical action is essential to sup
port the basal vessel tone. Hence, a delicate balance 
between contraction and relaxation is crucial for main
taining vascular physiology and body homoeostasis.

RhoA/Rho-kinase signalling in vascular smooth 
muscle contraction

Rho proteins are molecular switches with two well- 
defined stage: an inactive state (GDP-bound) and an 
active state (GTP-bound). Mostly, membrane receptors 
activate G-protein that is coupled to Rho through gua
nine nucleotide exchange factors (GEFs). GEFs are 
multidomain proteins that are regulated by extracellu
lar signals. The negative regulation of Rho can be not 
only by GTPase activating proteins (GAPs) that stimu
lates its intrinsic GTPase activity through hydrolysis of 
GTP, but also by guanidine nucleotide dissociation 
inhibitors (GDIs), which removes Rho proteins from 
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the membrane [8]. GDI also prevents GTPase activity 
and inhibits GAPs.

The translocation of RhoA to the membrane and its 
downstream target are role players in Ca2+ sensitization 
and contraction [9]. RhoA-GTP activates a downstream 
target, which phosphorylates MYPT1, the myosin tar
geting subunit of MLCP, resulting in inhibition of the 
phosphatase [10]. As pointed out, contraction is 
initiated by an increase in the levels of intracellular 
Ca2+ and by the Ca2+ sensitization event. The former 
activates MLCK, and the latter is achieved, partly, by 
inhibition of MLCP [11,12]. Consequently, the balance 
between MLCK and MLCP activation determines 
relaxation or contraction, as extensively reviewed else
where [5,13]. The most detailed Rho downstream target 
effector molecule in functional research is Rho-kinase, 
a critical downstream effector of RhoA and a versatile 
regulator of smooth muscle contraction [14,15]. Rho- 
kinase has two isoforms, known as ROCK1 (ROKβ) 
and ROCK2 (ROKα), which are located in 

chromosome 18 and 12, respectively. Noteworthy, not 
only RhoA but also other small G proteins such as 
RhoE, Gem, and Rad can modulate Rho-kinase [16]. 
While the mechanisms for inhibition of Rho-kinase by 
Gem and Rad are not well-defined, RhoE inhibits 
ROCK1, avoiding the attachment of RhoA, by binding 
to its N-terminal catalytic domain [17,18].

Rho-kinase fits in the group of serine/threonine pro
tein kinases, and its molecular weight is about 160 kDa. It 
is distributed throughout the body and expressed in many 
tissues, reflecting, its vast diversity in cellular localization 
[14]. These two kinases, ROCK1 and ROCK2, have 92% 
similarity in their kinase domains and 65% homology in 
their amino acid sequence [19]. Both isoforms are widely 
expressed in vertebrates vascular SMCs, and endothelial 
cells. Additionally, they play a role not only in physiolo
gical conditions but also in many vascular diseases, such 
as hypertension, diabetes, atherosclerosis and erectile dys
function [20–25]. While ROCK2 is greatly expressed in 
the brain and skeletal muscle [19], SMCs express both 

Figure 1. Canonical pathways in smooth muscle contraction. GPCR is known to be involved in smooth muscle contraction 
through two main mechanisms. Once activated, the α subunit associated with the receptor dissociates and activates phospholipase 
C (PLC), which functions to convert phosphatidylinositol 4,5-bisphosphate (PIP2) to inositol trisphosphate (IP3). IP3 further induces 
the release of Ca2+ from the sarcoplasmic reticulum and thus results in an increase in intracellular Ca2+ levels. Ca2+ binds to 
calmodulin (CaM) which activates myosin light chain kinase (MLCK), responsible for phosphorylating myosin light chain (MLC), 
therefore inducing contraction. Moreover, contraction could also be promoted through Ca2+ induced activation of PKC. This 
stimulates activation of CPI, an inhibitor of myosin light chain phosphatase (MLCP), consequently preventing the removal of the 
phosphate group and terminating contraction. The second mechanism entails GPCR activation of a GEF that works to activate Rho 
through its conversion from Rho-GDP to Rho-GTP. Rho further activates its associated kinases, ROCK1 and ROCK2, which have shown 
capabilities of inhibiting eNOS, consequently decreasing NO production and relaxation. ROCK1/2 can also promote CPI and directly 
inhibit MLCP, inducing contraction. Various studies have shown the regulatory mechanisms of RhoE, GEM, and arachidonic acid on 
RhoA and RhoA-kinase. Other possible regulators are currently still under investigation. Created with BioRender.com.

460 K. P. NUNES AND R. C. WEBB



ROCK1 and ROCK2 [26], in spite of the fact that ROCK2 
is the major isoform regulating vascular contractility [15]. 
Considering that ROCK1(-/-) KO animals present birth 
defects and that ROCK2(-/-) KO animals die embryoni
cally due to placental dysfunction [27,28], it is reasonable 
to assume that according to the type of cells, ROCK1 and 
ROCK2 might affect independent mechanisms, as sug
gested by other studies [29]. The tissue prevalence of 
different isoforms of Rho-kinase in the organs is 
a branch of investigation about this enzyme that raised 
in the last decade. While the advance of the technology 
used in science, through the use of inhibitors, knock
down, and germ-line knockout, enhanced our knowledge 
about Rho-signalling, we still need to overcome many 
limitations, such as off-target effects.

The key element in smooth muscle contraction is the 
balance between MLCK and MLCP. Thus, alterations 
in this balance favouring phosphorylation of MLC lead 
to an enhancement in the contractile mechanism of the 
vascular layer [30]. MLCP embraces three subunits: 
a catalytic subunit called PP1cδ (major enzyme in 
MLC20 dephosphorylation), the regulatory subunit 
MYPT1, and a 20 kDa subunit of unknown function. 
MYPT1 modulates Ca2+-dependent phosphorylation of 
MLC by MLCK. Rho-kinase can affect MLC via two 
mechanisms, as follows: direct or indirect phosphoryla
tion of MLC [31], the latter is achieved by phosphor
ylating MYPT1 and inactivating it. MLCP inactivation 
is the product of the phosphorylation of Thr696 and 
Thr850, two inhibitory sites on MYPT1 [32]. 
Additionally, another phosphorylation-dependent inhi
bitory protein of MLCP, CPI-17, which is specifically 
expressed in smooth muscle [33], can be activated by 
Rho-kinase, or protein kinase C (PKC) independently 
of RhoA/Rho-kinase [34,35].

Activation of CPI-17 by Rho-kinase, inhibits MLCP, 
and consequently, leads to smooth muscle contraction 
[36]. Therefore, MYPT1 and CPI-17 phosphorylation 
are key factors in sensitizing smooth muscle to Ca2+ 

[37]. Interestingly, MYPT1 has many serine and threo
nine phosphorylation sites, six are involved in smooth 
muscle contractility, and MYPT1 inhibitory mechan
isms can diverge between smooth muscles [for review, 
see [38]]. Additionally, evidence suggests that Rho- 
kinase might regulated not only at epigenetic level in 
smooth muscle cells [39], but also at the transcriptional 
level, as observed in vascular smooth muscle in 
response to AngII [40,41]. Likewise, lipids such as the 
arachidonic acid can also regulate Rho-kinase by 
increasing its activity through the C-terminal regula
tory region [42]. Noteworthy, a great deal of emerging 
evidence shows that the redox sensitivity of Rho 
GTPases and ROCK undergo post-translational 

oxidative modifications [for review see [43]]. In phy
siological conditions this is reversible, and ROS can also 
be generated by many stimuli, including GPCR ago
nists, being recognized as bona fide second messengers. 
Nonetheless, in many diseases ROS acts as damaging 
bi-products and can influence pro-contractile pathways 
in which altered vascular reactivity and augmented 
contraction are observed [44].

Many molecular details involved in the Rho- 
signalling and smooth muscle contraction, such as the 
crosstalk between Rho-kinase and ROS, and new sites 
for phosphorylation, were revealed in the past couple of 
years, advancing our understanding of the possibilities 
of different combinations in the regulatory mechanism 
according to the location of the smooth muscle in the 
body. Therefore, new regulatory mechanisms that are 
dependent upon the phosphorylation of RhoA/Rho- 
kinase are possible to be identified shortly.

When the same story has two sides: vascular 
smooth muscle relaxation

Vascular relaxation requires nitric oxide (NO) from 
endothelial cells, which targets smooth muscle cells 
and exerts its effects by stimulating the soluble guany
late cyclase (sGC) and the subsequent increase in intra
cellular cGMP level leading to activation of cGMP- 
dependent protein kinase (PKG) [45]. The serine resi
due at position 188 in the RhoA sequence is a PKG 
target downstream to NO [46]. Thus, NO via cGMP- 
PKG regulates RhoA expression and inhibits RhoA- 
induced Ca2+ sensitization in smooth muscle [47]. NO 
is the most powerful physiological endothelial relaxing 
factor and it negatively regulates RhoA/Rho-kinase 
activation in the vasculature.

Endothelial functionality plays an important role in 
the physiological maintenance of appropriate vascular 
tone and contraction. Activation of Rho-kinase in 
endothelial cells has been shown to mediate the desta
bilization of eNOS mRNA [48] as well as, negatively 
regulates eNOS phosphorylation via inhibition of pro
tein kinase B/Akt, which in turn, decreases NO avail
ability impairing relaxation [49]. In the last decade, it 
has been reported and better investigated a functional 
link between RhoA/Rho-kinase and NO/cGMP path
ways in the vasculature, highlighting the possibility of 
new pharmacological targets within these pathways. 
Currently, it is well accepted that RhoA/Rho-kinase 
mediates vascular dysfunction in many pathological 
conditions [25], and different Rho-kinase inhibitors 
have been investigated as potential drugs to mitigate 
the damage. Currently, the isoquinoline sulphonamide, 
fasudil (HA-1077), a Ca2+ antagonist that causes 
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relaxation in basilar arteries [50], is the most used Rho- 
kinase inhibitor. Although different types of Rho- 
kinase inhibitors have been investigated in clinical trials 
for treating vascular problems, the low specificity of 
these inhibitors for ROCK1 and ROCK2 is still 
a significant limitation. Fasudil, for example, fails to 
distinguish between the two ROCK isoforms [51].

Similar to NO, hydrogen sulphide (H2S) is also 
implicated in smooth muscle relaxation [for review 
see [52]]. It is increasingly being considered as an 
important molecule in the vasculature as the enzymes 
responsible for generating H2S are widely expressed in 
arteries and veins [53]. H2S can be generated by endo
genous enzymes and monoenzymatic pathways. In the 
vasculature, endogenous H2S is mainly produced by an 
enzyme called cystathione gamma-lyase (CSE), which is 
physiologically activated by Ca-Cam and have been 
linked to many cardiovascular diseases [54–56]. Two 
enzymes have been described to generate H2S and all 
are expressed in vascular cells [57]. H2S inhibits smooth 
muscle contractions in isolated rabbit aortic strips and 
affects Rho-kinase activity by impairing RhoA activity 
through S-sulfhydration [58]. An interaction between 
Rho-kinase, and H2S has been suggested in cavernosal 
smooth muscle, a highly specialized vascular structure. 
In this type of SMCs, a Rho-kinase inhibitor signifi
cantly decreased H2S-induced relaxations [59]. 
Corroborating these data, endogenous H2S inhibits 
receptor-induced contractions and a Rho-kinase inhi
bitor (Y-27,632) increased H2S formation in vitro. 
Furthermore, the expression of pMYPT1, a substrate 
of Rho-kinase, was decreased in the presence of exo
genous H2S compared to control [60]. H2S exhibits 
antioxidant and vasoactive properties. Yet, downstream 
effectors of this gasotransmitter in the vessels, the che
mical nature of the molecule responsible for the biolo
gical activity of H2S, or its implications in diseases, is 
still a growing field.

Another important aspect to be considered is the fact 
that RhoA is a key regulator of immunity, and recently, 
receptors of the innate immune system such as the Toll- 
like receptors (TLR) have been shown to be involved in 
chronic diseases that are characterized by a sustained 
increase in smooth muscle contraction leading to an 
impaired vasorelaxation [61–63]. Ex vivo pharmacologi
cal activation of TLR1/2 reduced the relaxation response 
to Rho-kinase inhibition in cavernosal smooth muscle, 
suggesting the involvement of innate immune receptors 
in smooth muscle relaxation via Rho-kinase [64]. 
Although there is no direct evidence of TLRs mediating 
hypercontractility in smooth muscle via activation RhoA/ 
Rho-kinase, this could be a possibility, and therefore 
deserves further investigation as it could be mediating 

vascular pathologies. Specifically, cumulative evidence 
indicates that TLR4, which is the most studied TLR in 
the vascular system, might be mediating smooth muscle 
hypercontractility associated with vascular dysfunction in 
pathological conditions, especially in hypertensive animal 
models [65–67].

Rho-Kinase and ageing: when ‘old’ means new

Ageing is a natural physiological process associated 
with changes in many biological mechanisms. In the 
last few years, pharmacological studies have found that, 
during ageing, many changes in smooth muscle con
traction are associated with Rho-kinase. A study on the 
age-related elevation of blood pressure described the 
presence of increased expression of Gαq/11 proteins, 
which are involved in the control of vascular smooth 
muscle tone [68]. Fluctuations in the levels of this 
protein are associated not only with age [69] but also 
hyperglycaemia in smooth muscle cells [70]. The 
G proteins involved in this pathway associate with 
PIP2, IP3, and DAG, leading to Ca2+-dependent activa
tion of RhoA pathways [71–73] and its related proteins, 
such as ROCK1 and ROCK2 [74]. Rho-kinase functions 
to phosphorylate CPI-17, and consequently, activates 
an inhibitor of MLCP (MYPT-1). Similarly, Rho- 
kinase can directly phosphorylate MYPT-1, rendering 
it inactive. Considering this, the increase in the 
G proteins involved in this pathway would, subse
quently, increase the activation of Rho-kinase during 
ageing, leading to prolonged contraction, and poten
tially, vascular dysfunction. For example, in small 
mesenteric arteries, ROCK2 is directly involved in the 
ageing-induced increase in myogenic tone [75], a vital 
process that regulates blood flow to key organs (brain, 
heart, and kidney). A recent study showed that murine 
arteries have a more abundant expression of Gαq/11 

proteins within vascular SMCs, as well as endothelial 
cells during ageing. Specifically, small mesenteric 
arteries of young and adult mice were analysed, and 
Rho-kinase expression was found to be significantly 
elevated in the aged group [68]. Similarly, elevated 
RhoA/Rho-kinase activity is described in young adult 
subjects with vascular problems [76].

Noteworthy, ageing might remodel the vascular wall 
by different mechanisms, including stimulation of 
RhoA/Rho-kinase signalling. Several factors may play 
a role in causing age-related dysfunction of smooth 
muscle, but evidence suggests that the Rho pathway 
may play either an indirect or a direct role in ageing 
within vascular SMCs, eventually driving vascular dys
function. One mechanism by which Rho-kinase med
iates vascular remodelling could be by the long-term 
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inhibition of NO [77], and it is widely accepted that 
many age-related processes are modulated by decreas
ing NO availability [78,79], such as angiogenesis [80]. 
Abnormalities in angiogenesis, an essential adaptive 
response to physiological stress, are associated with 
age and NO-related pathways mediate this process 
[81]. Indeed, it has been suggested that RhoA affects 
the permeability of the endothelium as well as the 
angiogenic process [82]. A significant reduction in 
NO availability within the aortic endothelial tissue via 
decreased NOS expression was observed in older mice 
compared to younger matches [83]. This is of little 
surprise because, as we age, there is a reduction in 
endothelium-dependent relaxation [84]. While under
lying mechanisms related to age-induced endothelial 
dysfunction have not been ultimately revealed, it 
seems that it involves an increase in membrane perme
ability, inflammation, and oxidative stress.

ROS production and ageing are entangled physiolo
gical events as they are associated with alterations in 
NO availability [85] and an enhancement in superoxide 
production [84]. An imbalance in the antioxidant sys
tem is a hallmark of ageing, and it has been demon
strated that ROS mediates vascular contraction by 
activating RhoA/Rho-kinase [86]. Importantly, age has 
been associated with decline in sex hormones, such as 
testosterone, which induces vascular smooth muscle 
cell migration via NADPH oxidase pathway [87]. 
Interestingly, erectile dysfunction, a highly prevalent 
vascular condition in the ageing male [88], entailing 
Rho-kinase upregulation and oxidative stress [89,90], is 
also associated with low testosterone [91,92] .

Another potential mechanism affected by ageing is 
the fact that this process modifies the expression of 
endothelial markers that are implicated in the regula
tion of vasomotor tone. The levels of endogenous med
iators, such as angiotensin II (Ang II), which promotes 
the generation of ROS, are increased with ageing [93] 
and in the majority of CVDs. Indeed, during ageing, 
there is a reduction in the bioavailability of NO, which 
can be attributed to the increase in the activity of the 
NADPH oxidase enzyme [94], which produces ROS. 
The reaction between ROS and NO leads to the forma
tion of peroxynitrite, which associates with vascular 
ageing [95] as it reduces eNOS expression via RhoA 
stimulation, and therefore, it might induce vascular 
dysfunction in pathological conditions [96]. ROS also 
affect Rho-GDI. Oxidation of Rho-GDI contributes to 
cell proliferation via nuclear factor-κB activation [97], 
which mediates the induction of many pro- 
inflammatory genes.

In a genetic disease, where ageing is accelerated and 
it is manifested in childhood, Hitchinson-Gilford 

progeria syndrome (HGPS), ROS contributes to not 
only the early onset of the senescent phenotype but 
also to its progression [98]. The declined antioxidant 
capacity and, consequently, increased ROS generation, 
drive the mechanisms leading to Hitchinson’s diseases 
[99]. Not surprisingly, cardiovascular complications are 
the primary cause of death in this condition. There is 
a paucity of information about smooth muscle contrac
tion throughout this pathology. However, in a mouse 
model of premature ageing (LmnaG609G/G609G) mimick
ing HGPS, VSMCs were affected, and arterial stiffness 
and inward remodelling were observed [100]. A recent 
study identified that VSMCs are the primary cell type 
generating contractile impairment in this animal model 
[100]. Furthermore, the pharmacological blockade of 
Rho-kinase reduced ROS levels in this condition 
[101], corroborating the connection between ageing 
and ROS via Rho-kinase.

While some evidence portrays the occurrence and 
elevation of RhoA and other associated proteins within 
ageing in vascular tissue, contributing to vascular SMC 
dysfunctionality, there is not extensive research regard
ing RhoA/Rho-kinase signalling in ageing. To date, 
how this pathway may play a role in vascular dysfunc
tion accompanying ageing is still not fully elucidated. 
Overall, the mechanisms mediating disruption of 
homoeostasis during ageing and contributing to patho
logical conditions are far away to be completely under
stood. Therefore, further studies are warranted to 
understand the specific process by which RhoA/Rho- 
kinase plays a role in vascular ageing.

Rho-kinase and sex differences: when we 
cannot fit both sexes into one package, there is 
potential for discoveries

Previous studies have shown gender differences in vas
cular reactivity in response to a variety of agonists 
[102]. For example, in the aorta, it has been observed 
that there are sex differences in calcium-mediated vas
cular reactivity [103], and recently, it has been demon
strated that genes on the sex chromosomes regulate 
aortic vascular biology [104]. The low incidence of 
CVDs in women, possibly due to endogenous oestro
gen production, suggests the presence of vascular pro
tective effects in this sex [105]. Ubiquitously, agonist- 
induced endothelium-dependent constriction is signifi
cantly higher in vessels derived from male animals 
compared with those of females. Pressure-induced con
striction is higher in arteries derived from males versus 
females [106–108], suggesting sexual dimorphism in 
the vascular auto-regulatory control. The first study 
addressing whether the function or expression of Rho- 
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kinase would be influenced by gender was performed in 
2004. The authors showed that in female rat basilar 
arteries, oestrogen suppresses vascular Rho-kinase 
[109]. Similarly, serotonin has a more prominent effect 
in the stimulation of RhoA/Rho-kinase in the aorta of 
males compared with females, which indicates that 
regulation of the calcium sensitivity mechanism contri
butes to sex differences in contraction [110].

In human coronary VSMCs, oestrogen inhibits Rho- 
kinase expression in a dose-dependent manner [111]. 
The oestrogen receptor antagonist, ICI 182,720, pre
vents against the inhibitory effects of oestrogen on 
VSMCs, suggesting that the effects of oestrogen in 
this cell population are primarily mediated via tran
scriptional mechanisms stimulated by oestrogen recep
tors [112]. Activation of G protein-coupled oestrogen 
receptor 1 in porcine coronary arteries induces relaxa
tion via inhibition of RhoA/Rho-kinase [113]. Not only 
oestrogen, but also testosterone levels plays a role in 
RhoA/Rho-kinase in the vascular tissue. It has been 
recently described that testosterone and oestrogen act
ing jointly with Ephb6, a type B of tyrosine kinase 
receptor, to regulate smooth muscle contractility in 
small arteries and blood pressure. Increased contracti
lity and RhoA activation were observed in small mesen
teric arteries from castrated Ephb6 gene KO males 
compared with their WT counterparts [114]. 
Additionally, another study showed that deletion of 
a cell surface molecule ligand for Eph tyrosine kinase 
receptor named EFNB3 (Ephrin B3), caused an 
increased blood pressure and vascular contractility in 
a sex-dependent manner [115].

Noteworthy, testosterone plays an especial role in 
male cavernosal tissue. Low testosterone levels are asso
ciated to increased expression of RhoA and Rho-kinase 
signalling is regulated by testosterone levels in vascular 
diseases such as diabetes [116]. Testosterone deficiency 
is known to induced endothelial dysfunction, and con
sequently, vascular problems [117]. Note that andro
gens do not have the same effects in all type of smooth 
muscle cells [118,119]. Considerably, vascular responses 
to Angiotensin II (AngII), a potent endogenous pep
tide, are influenced by sex differences [104,120], and 
there is an extensive literature detailing sex difference 
in the renin-angiotensin-aldosterone system (RAAS), 
which is particularly important to design tailored thera
pies for vascular diseases [121,122]. AngII can increases 
contractility and decreases vasodilatation via AT1 
receptors and molecular mechanisms associated to 
these changes includes upregulation of RhoA/Rho- 
kinase [123,124]. Yet, the sex difference and hormonal 
influence in the vasculature affecting RhoA/Rho-kinase 
signalling is an open field with many overlapping 

variables, especially ageing, which implies reduced tes
tosterone levels in male and oestrogen in females, driv
ing different outcomes in the vascular smooth muscle 
contractility.

The crosstalk between NO and Rho-kinase is also 
associated with sex differences. In the spiral modiolar 
artery, the myogenic tone, as well as calcium sensitivity, 
is increased by blocking nitric oxide synthase (NOS) in 
males, but not in females [125]. This result suggests sex 
variations in the myogenic tone response based on a sex 
difference in the regulation of Rho-kinase. In basal 
conditions, levels of ROS production in smooth muscle 
cell cultures extracted from the aorta of males were 
different compared to females [126]. In an experimen
tal model of Type 2 diabetic mice, sex-dependent dif
ference in Rho activation contributes to contractile 
dysfunction in the aorta. Interestingly, contractile dys
function in vessels happens in both sexes, but there 
were no differences in the expression of RhoA, ROCK 
I and ROCK II between the aortas of males and 
females. However, activation of RhoA/Rho-kinase was 
greater in the aorta from diabetic compared to non- 
diabetic males, and no differences were observed in 
vascular activation of RhoA/Rho-kinase in females, 
suggesting contractile vascular dysfunction in males 
dependent upon activation of RhoA/Rho-kinase in dia
betic conditions [127].

Importantly, oestrogen is also associated with NO 
signalling. Physiological levels of systemic 17β- 
oestradiol can increase basal NO release in endothelial 
cells, which affects the diameter of pressurized arteries 
[106]. Because there is an intricate connection between 
RhoA/Rho-kinase and NO signalling, it is possible that 
the effect of oestrogen on NO signalling could be indir
ectly affecting Rho-kinase in smooth muscle. Still, 
many questions need to be ruled out. For example, 
whether the Rho GTPase regulatory proteins or trans
location of RhoA to the plasma membrane is different 
in male and female have not been elucidated. Sex- 
dependent alterations in Rho-kinase activation seem 
to contribute to contractile dysfunction during patho
logical conditions [127], and unveiling these mechan
isms could contribute to better tailored medical 
intervention in pathological conditions.

Perspectives and Challenges

Many advances in understanding the regulation of 
smooth muscle contraction by Rho signalling were 
achieved over the past 30 years. The canonical pathway 
by which RhoA/Rho-kinase regulates smooth muscle 
has been extensively revised in the literature as it elicits 
Ca2+ sensitization, and ultimately, contributes to 
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smooth muscle contraction. Noteworthy, contraction is 
not the sole outcome following the activation of this 
pathway. In fact, RhoA/Rho-kinase plays a significant 
role in many other aspects of cell function not explored 
in this review such as cell differentiation and cell migra
tion, which can also impact smooth muscle contraction. 
Furthermore, the diversity in Rho-kinase expression is 
clearly observed in the different smooth muscles dis
tributed throughout the body, performing a specific 
physiological function in each organ. Importantly, 
many mechanisms driving the regulation of RhoA 
activity still need to be researched and uncovered. For 
example, RhoA activity involves protein kinases, such 
as cAMP-dependent PKA and type I cGMP-dependent 
PKG1, but it is still unknown whether other types of 
PKG would regulate RhoA activity. Likewise, many still 
unclear physiological compounds may affect Rho- 
kinase, such as the recently uncovered crosstalk 
between Rho-kinase and H2S (Figure 1). Furthermore, 
new sites of phosphorylation have been unveiled, and 
various combined mechanisms are possible to regulate 
the activity of Rho-kinase. Noteworthy, the need for 
specificity in the blockade of ROCK 1 and ROCK 2 
isoforms is critical to advance therapeutic strategies 
focusing on diseases-associated Rho-kinase.

Lastly, but not least, how age and gender differences 
influence and affect the regulation of smooth muscle 
contraction by RhoA/Rho-kinase are crucial topics that 
need to be investigated and deciphered (Figure 2). At 
this point, it seems that increased ROS levels are the 
link between ageing and RhoA/Rho-kinase mediating 
hypercontractility. However, many other factors may be 

involved in smooth muscle regulation during the pro
cess of ageing, especially because an age-related decline 
in function is a natural physiological phenomenon in 
all organ and systems. Additionally, ageing per se 
implies low-grade inflammation, increased vascular 
permeability, and other processes that indirectly might 
affect smooth muscle contraction regulation by Rho- 
kinase. Regarding sex-differences driving smooth mus
cle contraction, link between RhoA/Rho-kinase and 
oestrogen is noticeable. A body of evidence suggests 
that greater vascular protection in female versus male 
is associated with oestrogen levels. This hormone exerts 
an inhibitory effect on Rho-kinase in vascular SMCs. 
Despite that, sex differences in smooth muscle contrac
tion may be related to the effect of sex hormones on 
vascular calcium not only via Rho-kinase but also via 
PKC activity as well as other protein kinases. 
Undoubtedly, sex hormones have differential effects in 
both males and females, and it is reasonable to consider 
that the vascular effects, and consequently, smooth 
muscle contraction, of sex hormones is different in 
the two sexes. However, it is imperative to perform 
more studies to elucidate vascular protection- asso
ciated sex hormones as well as how these hormones 
affect Rho signalling in smooth muscle contraction. 
Notably, an important point to be considered is that 
dysregulation in NO pathways and oxidative stress in 
both physiological variables, ageing and sex-differences, 
might indirectly affect the regulation of smooth muscle 
contraction by RhoA/Rho-kinase signalling.

In summary, while many details were uncovered 
over the past decades regarding the mechanism by 
which Rho signalling regulates smooth muscle contrac
tion, there are, as yet, many unanswered questions, and 
this area of research should be more thoroughly 
examined.
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Figure 2. Current details into the mechanism by which Rho 
signalling regulates smooth muscle contraction. Not only the 
well-described gas NO might inhibit Rho-kinase, but also H2S, 
which the physiological functions and targets are currently 
under extensive investigation (first box). Gender differences 
and ageing also are highlighted in the literature as they drive 
differences in smooth muscle contraction by affecting Rho- 
kinase. Oestrogen inhibits Rho-kinase via specific G-protein 
coupling receptor (GPCER1) in young females (second box), 
and crosstalk between Rho-kinase and ROS is observed during 
ageing followed by decreasing NO availability (third box). 
Created with BioRender.com.
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